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The application of anodic stripping voltammetry (ASV) to
the determination of several trace metals in coal ash was
studied.
An ashing and ash digestion method was developed which
limited the total salt and acid concentration of the analyte
solutions, a necessary step for routine analysis. The simul-
taneous determination of cadmium, copper, lead, and zinc in
eight Pennsylvania State University Coal Bank Samples and in the
National Bureau of Standards SRM 1632a coal sample were made.
Chromium was separated from the prepared coal ash solutions
and determined independently in the form of chromate(VI).
All values determined by ASV methods were in good agree-
ment with those determined by auomic absorption spectropho-
tometry. There was also good agreement between the anodic
stripping voltammetry values and those reported for the NBS
1632a coal sample, and most of the values reported for the
Pennsylvania State University coal samples.
viii
I. INTRODUCTION
Analyses at the part-per-million, part-per-billion, and
under the 1 x 10
-9 gram level have become relatively common
in recent years. While such determinations proliferate, and
environmental, medical, and legal decisions are made on the
basis of results, some workers have been questioned the methods
used and the total validity of many analyses done at this level.
This also has led to considerable interest in the suitability
of different techniques for particular problems of trace metal
analysis.
Among the analytical techniques available, voltammetry
has been used for trace metal analysis. Voltammetry methods
(1)
cannot be regarded as new analytical technicues. They have
been known for a long time,and their use has grown rapidly
during the past few years. Voltammetry is one of the many
electroanalytical techniques, such as potentiometry and coulome-
try, which form one of the major families of instrumental
methods.
(2)
 These methods have general applications in the
qualitative and quantitative analysis of species in solution.
In this family, potentiometry enjoys the most widespread use,
with a pH meter in nearly every laboratory and a variety of
ion-selective electrodes available. Voltammetry is the young-
est of the group, getting its start with the development of
(2)
polarography by Herovsky in the 1920's. From that work a
C-
variety of techniques evolved, including solid electrode
voltammetry, potential sweep chronoamperometry, stripping
voltammetry, and the more sophisticated forms of polarography,
including the ac, square wave and pulse waveforms. Although
polarography is the best known of the voltammetric techniques,
stripping voltammetry is rapidly growing in importance. The
anodic form of stripping voltammetry is anodic stripping
voltammetry.
Anodic Stripping Voltammetry (ASV) was first used by
Zbinden in 
1931.(20) 
He attempted to determine copper elec-
trogravimetrically by plating it onto a platinum electrode.
However, the amount plated proved to be too small to weigh
accurately, so he devised the technique of reversing the
current and stripping the copper from the electrode and made
the quantitative determination by measuring the current consumed
during the process. Little further work was done in this area
until the 1950's when the use of mercury electrodes became
common. During the 1960's the theory of ASV for mercury film
electrodes (MFE) and hanging mercury drop electrodes (HMDE)
was developed. In the past few years, a variety of techniques
have been introduced which have enhanced the capability of the
method.
II. THEORY
An ASV measurement involves two discrete steps: The ana-
lytical species is reduced (electrodeposited, plated, concen-
tration process, cathodic deposition) onto or into the working
electrode and is then oxidized (stripped, e]ectrolyzed) back
into the electrolyte solution.
A. Electrodeposition Process
1. Electrodeposition Potential
The choice of the deposition potential, Ed, is simple.
It suffices to use an Ed value 
that is about 0.3 to 0.4
volts more negative than the polarographic half-wave
potential E, [all potentials are measured against the
2
saturated calomel electrode 
(S)].(21) 
For a reversible
electrode reaction, E, is essentially the equilibrium
-2
potential for the case in which the concentration of the
metal ion in the solution immediately adjoining the mercury
and of the metal in the mercury immediately adjoining the
solution 13 
equal.(12) 
In ASV the concentration of the
metal in the mercury is approximately 103 times the concen-
tration of the ion in the solution. This means a shift
in the cathodic potential to more negative values by at
least 3 x0.059A1 volts (0.18 V if n=1). In a number of
electrode reactions, this rule fails, and more negative
Ed values
 must be used. If new analytical procedures
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involving a electrodeposition step are developed, this
possibility (the cause of which is sometimes unknown)
(4)
should never be overlooked.
If the hanging mercury drop electrode (HMDE) with a Pt
contace of the mercury film material (MFE) is used, ex-
posure of the platinum to the solution must be avoided.
Otherwise the overpotential for hydrogen evolution and,
therefore, the useful potential range will be lowered
(10)
appreciably. Another point that we never can forget
is that the traces of impurities in the mercury or traces
of platinum, dissolved from the corresponding contact
(4)
material, have the same effect. Therefore, the mercury
used in the electrodes [HMDE(Hg), HMDE(Pt), MFE(Ag) and
others] must be purified, in any case, by triple distillation
in vacuo. If a HMDE (Pt) is used, the mercury must never
remain in contact with the platinum for a long time, so
that the risk of contamination can be reduced to a minimum.
On the other hand, underpotential phenomena in which the metal
ion is reduced more easily than predicted by the Nernst
equation may occur in highly dilute solutions. Underpotential
phenomena
(22) 
has been observed in some cases, and is often
observed on solid electrodes if a very dilute solution is
used. This seldom affects the choice of Ed, but it may affect
the choice of supporting electrolyte if another metal has a
peak potential, E,, near that of the metal of interest.
The most negative Ed value that can be used for neutral
supporting electrolytes is -1.5 V, at which hydrogen evolution
5
starts. In acid supporting electrolytes this Ed value is
further lowered to -1.2 V or even to -1.0 V. In the actual
practice of making polarographic measurements, these poten-
tials are even more positive, probably because traces of
adsorbed substances appreciably lower the hydrogen over-
potential. This means that in acid solutions the less
(4)
noble metals, such as Zn, cannot be determined at all.
2. Factors that Influence the Sensitivity and Reproduci-
bility of ASV
There are several factors that influence the sensi-
tivity and reproducibility of ASV methods. Some of the more
important ones such as electrodeposition time, mass trans-
port, electrode type, and medium will be discussed in
this section.
a. Electrodeposition Time - The concentration of
amalgam, Ca, is proportional to the electrodeposition
time, T, if the concentration, Co, of the metal ion
being studied hardly decreases during the concentra-
(23)
tion process. For example, in the analysis of
Pb it is found that if the area of the microelectrode
is about 0.05 cm
2 
and the volume of the solution is
25 ml, the concentration decrease at T = 5 min amounts
to 0.25; however, if the volume of the solution is
255.(24)
1 ml and T = 30 min this decrease amounts to
It is possible to work with small amounts of solu-
*





constant, is no longer valid. Therefore, the preferred
conditions are those in which the limiting current,
6
i„ remains practically constant during the elec-
trodeposition (r no longer than 30 min, volume of the
solution no smaller than 19 ml, solution stirred).(4)
However, in the case of the HMDE (Hg) the amalgam may
diffuse into the mercury thread and the above-mentioned
linear relationship does not hold.
Using the HMDE (Hg), it has been observed that
after 60 min as much metal disappears into the mercury
thread as 
deposits.(24) 
Therefore, T must not he very
great. Generally, a T value of 60 min is used for
solutions with concentrations of 10-9 M or less.
For 10
-8
, 10-7 and 10
-6 
M solutions 15, 5, and 2 min
are typical T values. For an MFE with a thin film T
may, of course, be shorter than the values indicated
above. At T values smaller than 2 min the proportion-
ality , between and T can also be affected,
(4)
because the current does not reach its limiting value
Immediately upon starting electrolysis, which is
probably due to the reduction of adsorbed substances.
(See Figure 1.)
The concentration at the center of the electrode
is about 65'; of the value at the electrode surface,
and as the total amount of material in tne drop
increases with longer electrolysis times, this per-
(4) A comparison of this concentra-
centage increases.
tion distribution with that calculated for semi-infinite
diffusion confirms that for the same pre-electrolysis




Figure 1. Electrodeposition (i-t) curves (T=180 sec,
T
r
=20 sec, and E,1=-0.8V versus SCE) with cor-
responding SV-grams, obtained with the HMDE
(Hg), for (a)distilled water + 0.1 M HC1, (b)
tap water taken after 0.5 hr of water flow +
0.1 M HC1, (c)tap water kept for one night
in a brass tap + 0.1 M HC1. Surface area of
drop 2.8 x 10-2 cm2; v=2.0 x 10-3 V/sec, E
(Pb)=-0.38 V, and ED (C11)=-0.05 V versus SE.
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be produced in a HMDE than in a mercury pool electrode
of the same area. Since higher amalgam concentrations
lead to more sensitive stripping analyses, the
advantages of HMDE over mercury pool electrodes are
obvious. 
(14)
b. Mass Transport - Mass transport and,therefore, the
limiting current, iL, at a potential at which mass
transport phenomena (diffusion, convection) are rate-
determining can be increased by stirring the solution
or rotating the electrode. Any type of gas bubbles
on the electrode must be detached before electrode-
position, since they reduce the surface area of the
electrode exposed to the solution. The reproducibility
of ASV depends to a high degree on the reproducibility
of the convection pattern around the microelectrode.
Another aspect that needs to be considered is the
geometric configuration of the cell. This must be
optimal, as well as the stirring rate of the magnetic
stirring bar or the rotational speed of the electrode.
The following equation predicts the limiting current,
for the HMDE as a function of the radius of the
mercury drop, ro, the diffusion coefficient, Dc
(square centimeters per second), the bulk concentration,
C
* 
(moles per liter), of the metal ion to be determined,
0
and the rotational speed of the stirring rod, u (revo-
lutions per minute), n is the number of electrons, F is














Cu1/2)x 10-3 amp. (1)
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So, here the first term is the value of it, at u = 0
and at infinite time. It follows that, if u = 600 rpm,
a 57, variation in u causes iL to vary 2.4%. At 
higher
rctational speeds the influence of variations becomes
less. If u exceeds 1000 rpm, the drop is deformed
(4 )
and can be disrupted. Such critical conditions
should be avoided. Once the optimal geometrical
positions of stirrer and electrode have been found,
these positions should remain unchanged during the
course of the experiments.
For a HMDE or MFE the concentration of the reduced






is the concentration of the metal in the
(2)
amalgam, i is the reduction current, T is the duration
of electrodeposition, n is the number of electrons in
the reduction, F is the Faraday's constant and V is
the volume of mercury in , the film or drop. The
reduction current is analogous to the limiting current










is the concentration of the metal ion in the bulk
solution being analyzed, A is the electrode area in
cm
2 
and 6 is the thickness of the diffusion layer.
Since the solution is stirred 6 will be affected by
(1)
the stirring rate, cell geometry and electrode design.
10







where m, the mass transport coefficient is approxi-
mately proportional to the square root of the stirring
(4)
rate. Substituting Equation (4) into Equation (2)





T/t (MYE) (5)o 0
and
Ca = mD0C0T/r0 x 3/4 (HMDE) (6)
where I is the thickness of the mercury film and r
is the radius of the mercury drop.
c. Electrode Type - The type of electrode used and
its position in relation to the stirrer bar is very
important. The electrode must be accessible to the
ions in the solution and must have an easily repro-
duced surface area, since is proportional to the
effective surface area. For the HMDE this means the
drop must always have the same volume, and for the
MFE the film thickness must always be the same. In
order to obtain a maximum sensitivity and selectivity
the ratio of the area of the electrode to the mercury
volume must be made as large as possible.
(1) The
MFE has this advantage. Replating of the electrode
before each run is necessary for good reproducibility.
A solid inert electrode such as Pt, Ag, or graphite
can be used to determine a single metal 
ion.(28) 
If
more than one metal is deposited, difficulties arise
11
in the stripping process. The metals that are deposit-
ed as solids are, of course, not interdiffusible into
the solid electrode,and generally their ASV peaks are
not well separated. However, solid electrodes must be
employed to produce a stripping voltammogram
(4) 
of the
noble metals such as Ag and Au because the oxidation
potential of these metals are located too close to, or
have a more positive reduction potential than that of,
the mercury.
d. Medium - The electrodeposition and stripping process
can be influenced by traces of metal impurities, traces
of surface-active agents, and 
oxygen.(25) 
The extent
of the interference, however, is strongly dependent
on the type of metal 
ion.(26) 
Oxygen has to be removed
carefully because its traces can interfere Loth with
the concentration and with the stripping process, as
(25)
Is the case for Cd, Pb, and Zn. If oxygen is not
removed, no peak is obtained for Cd, even if its con-
centration is as high as 10-6 M.(4) The mechanism of
this interference is not known; reactions like




A total purification of electrolytes and other
substances involved in the concentration process is
desirable. A high concentration of any electrolyte
supresses the peak current of some metal ions such as






impurity metal ions in the electrolysis solution
(higher than 5 x 10-6 M) must he avoided, since this
will promote the formation of intermetallic compounds
which are a source of many problems in ASV methods.
On the other hand dilute solutions (less than 10
-3 M)
are unstable because electroactive substances are
absorbed on the glass wall of the cell or storage
vessel. They have to be prepared just before use.
3 Rest Period
Between the reduction step and the oxidation step is
the rest period. It is necessary to have a pause (the
stirring of the solution or the rotation of the electrode
is stopped) in order that the amalgam concentration in
the mercury drop or film will become homogeneous, and
improve the reproducibility of the stripping analysis.
During the rest period, the material entering the electrode
drops sharply.
When the stirring is carefully controlled during
the electrodeposition step, the flux, F
o' 
of material
entering the drop is constant. Under these circumstances,
the concentration distribution of the metal in the elec-
trode can be obtained by solving Rick's second law
written for spherical diffusion, with the following
boundary conditions:
T = 0 C
R 
= 0, 0 (7)< r < ro
ac
r = o, C
R
R













nFA ( 9 )
where T is the time, CR is the concentration of the
metal in the amalgam, r Is the distance from the center
of the eler.trode, ro is the electrode radius, DR is the
diffusion coefficient, Fo is the flux of CR at the elec-
trode surface, io is the cathodic pre-electrolysis current,
n is the number of electrons, A is the surface area, and
F is the Faraday constant. The finite volume of the
electrode is reflected in the second boundary condition,
and the third boundary condition relates the constant
flux at the electrode surface to the pre-electrolysis
current. The solution of an analogous problem in heat
conduction is given by Carslaw and Jaeger;(39) in terms
of the electrochemical parameters, the result is
+ re (.5 -3 v•a) 2 F. y
.tt
•(„ tOlaY.DRY
Dye TA.%E y Ar, e— (10)
where 
n
, for n = 1,2,3,...., are the positive roots of
tan cc = cc
The form of this equation is that of a uniform con-
centration distribution within the electrode which is
dependent on the flux and the time, modified by a correction
term which varies according to time and distance. From
data given by Carslaw and Jaeger, it can be calculated
that the correction term is essentially independent of
time after 25 seconds, and that further electrolysis
merely raises the concentration-distance curve at a rate
dependent on the flux, Figure 2.
As it was explained before, the electrodeposition
time ordinarily used in stripping analysis is about 60 min.





M solutions, 15, 5, and 2 min. are typical
T values. After about a 4-minute electrolysis (curve A,
Figure 2), the concentration at the center of the electrode
is about 65% of the value at the electrode surface; and
as the total amount of material in the drop increases with
longer electrolysis times, this percentage increases.
After the electrodeposition sten it is necessary to have a
pause (the stirring of the solution or the rotation of
the electrode is stopped) in order that the amalgam concen-
tration in the mercury drop or film will become homogeneous,
and improve the reproducibility of the stripping analysis.
During the rest period, the material entering the electrode
drops sharply.
For a mercury pool electrode it has been shown that
a two second time period is long enough for the rest
period
(27)
,and longer periods result in a decrease in the
reduced metal at the electrode surface as the metal diffuses
further into the mercury. On the other hand, for a spheri-
cal electrode the time necessary for a rest period is
between 25 and 30 seconds.(7) To be on the safe side, a
rest period of 30 seconds should be observed; this also
insures that convection in the solution has ceased. In
the spherical electrode the concentration gradient merely
tecomes more uniform.
0.2 0.4 0.6 0.8 1.0
15
r/ro
Figure 2. Concentration gradients within a
hanging mercury drop electrode
at various times after the start of pre-
electrolysis.
Times, in seconds: A, 240, B, 120, C,
60, D, 30, E, 10
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From equations given by Crank
(31) 
the rest period
can be described as a function of time if it is assumed





j(y)AA" 4 Veilr (11) 
AirWr lri'  • 0
where f(r) is the concentration distribution of the species
reduced at the moment the stirring stops and t is the
time now counted from the same moment. The . 's are





Cot (r0=) = 1 (12)
The first six roots are given by Crank.
(31)
The assump-
tion that Fo drops to zero when the stirring ceases
introduces a relatively small error. Measurements on a
10
-4 
M solution of thallous ion showed that the current
dropped rapidly when the stirring was stopped but that the
additional amount of material deposited during a 30 second
rest period could amount to several percent of the total
for a 5 minute pre-electrolysis time. This source of
error could be eliminated by opening the cell circuit for
the 30 second intervals and then starting the voltage
scan from the equilibrium potential. For longer pre-
electrolysis times, this source of error is negligible.
Because of the complexity of f(r) (Equation 11), and
since the flux does not entirely drop to zero when the
stirring is stopped, it is not useful to follow the
17
rigorous treatment any further. Nevertheless, some con-
clusions regarding the concentration distribution within
the electrode can be obtained by approximating equation
Equation 11 by a straight line,
f(r) = kr (13)
where k, an average slope measured from Figure 2, is
essentially independent of the flux for normal pre-elec-
trolysis times. On substitution of Equation 13 into
Equation 11 the indicated integration can be performed,
and the result indicates that CR approaches a constant
value very rapidly. Concentration distribution curves
based on the integrated form of Equation 11 are shown in
Figure 3, for various times after the stirring is stopped.
Although those curves are only approximations, they
indicate that under the experimental conditions normally
used in stripping analysis, the concentration of the metal
within a spherical electrode is relatively uniform and
can be calculated from the number of coulombs involved











amperes, and ro is in centimeters. It should be noted
that the right side of Equation 14 is equal to the first
term in Equation 10.
B. Oxidation Process




Figure 3. Concentration gradien-..s within a hanging
mercury drop electrode at various times
after stirring is stopped.
Times, in seconds: A, 30, B, 20, C, 10
D, 0.
19
the mercury. It depends (in an indirect way) on the experi-
mental parameters of the electrodeposition process. For
example, the following equation, which holds for the electro-









where i is the peak current in amp, kl and k2 are constants,
and u is the stirring rate in the concentration process,
(min-1). in addition to the parameters of the concentration
process, we have the following experimental parameters that
influence the oxidation process.
a. The radius of the mercury drop ro (for the HMDE),
or the thickness of the mercury film, t (MFE).
b. The linear-potential sweep rate, or rate of potential
change, vl, in volts per second.
The effects of these factors are demonstrated in the
following peak characteristics: the peak current i (in amperes),
the width b of the peak at 1/2 i (in volts), the peak potential
E (referred to E„ the polarographic half-wave potential), and
finally, the peak symmetry.
1. Influence of the Drop Size or Film Size on the 
Characteristics of the Peak.
Generally io increases with an increase in l/ro
(HMDE) or l/t (MFE), and v. However, b increases if ro,
or t, and v increase. This means that the selectivity
decreases, since the lore electronegative metal starts to
oxidize before the oxidation of the more electropositive
20
metal is complete. This difficulty can be overcome (with-
out changing the high v value) by stopping the potential
sweep as soon as the peak potential of the more electro-
positive element is passed. The potential is held constant
until all the more electropositive metal has been oxidized.
The next peak is obtained in the same way as the first,
and so forth.
A more detailed analysis shows that E [peak potential
(V vs. SCE)] shifts to a more positive value if ro, or f.,
and v increase. In any case, it is clear that ro, or f,
and v are clearly related in regards to their influence on
ip, Ep, and b1/2.
Roe and Toni have derived equations for the peak
potential and the peak current of the stripping process
(34)
using a MF.r.. They assumed that there is no concen-
tration gradient in the film, a condition which can be
met by thin films (10m thick) and low potential scan
rates (<1 V per minute). Furthermore, approximations can




where cp = nF/RT, v is the scan rate and T is the electro-
deposition time. The derived equation for peak current,
Equation 2, has an error of 3.9% when H = 10
-2 
and improves




where A is the electrode area in cm
2
, e is the base of
Naperian logarithms, is the concentration of metal in
the amalgam, n is the number of electrons in the reduction,
F is the Faraday's constant, and t is the thickness of
the mercury film. Substitution of Equation 5 into Equation













is the diffusion coefficient, m is the mass
transport coefficient, and C
o 
is the concentration of the











where E°' is the formal electrode potential, and (5 is
the thickness of the diffusion layer.
The behavior at the HMDE can be considered analogous
to that of potential sweep chronoamperometry in the case




in the Randals Sevick Equation ' thus
*M2 3/2 1/2 *
i = kmn- D rv CR
T ( 2 0)
where K is a numerical constant. At low sweep rates and
small values of V it is necessary to add a term to equation
20. Equation 20 is a satisfactory approximation for the








is the voltammetric half-wave potential.
-1/2
The peak potential for a HMDE is independent of experimental
parameters,but Ep for the MFE depends on the logarithm
22
Of the product of scan rate and film thickness.
2. Medium
Certain media can present problems in ASV analyses
for the following reasons:
a. The fact that the half wave potentials of two
metals coincide does not hinder the deposition process
but does hinder the stripping process, if selectivity
is desired.
b. In some cases, especially in the use of biological
media such as urine, reduction processes cannot be
carried out in such media because of adsorption
phenomena. This can occur even if only one metal is
to be determined.
c. In strongly acidic media the reduction process
can be hindered by a relatively high residual current,
caused by the reduction of hydrogen ions.
Some of the above-mentioned problems can be overcome
if two media are used for the analysis; one for the con-
centration step and a different one for the stripping
step. A. van Swaay and R. S. Deelder
(32,10) 
determined
traces of zinc, copper, nickel, and chromium in this type
of experiment. Electrodeposition was carried out in a
sodium hydrogen phosphate solution, and the stripping
solution used was potassium thiocyanate. The results
of the experiment are shown in Figure 4.
0.2V
60 sec
Figure 4. Sample solution: 1 M Na3PO4 with 5 x 10-7 M each of zinc,
chromium, nickel, cupric ions. Electrolysis, 300 sec. at
-1.2 V (saturated calomel electrodes). Strippin solution:
0.1 M KCNS. Voltage scan, -1.2 V to -.2 V at 2 mV/sec.
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3. Interferences
There are many sources of interferences in ASV
experiments, dependin on the type of equipment used,
the electrodes used, the electrolytes used, etc. The
number and types of interferences encountered in ASV
work are too numerous to discuss in this work, and only
those interferences that were particularly bothersome in
our experiments will be discussed. A discussion of other
types of interferences can be found in the work by
Kenula. (7)
a. Intermetallic Compound Formation on Mercury 
Electrodes - The metals deposited on a mercury elec-
trode can react with mercury, or with each other.
Mercury can form intermetallic compounds with Co,
Fe, Mn, and Ni. Upon forming intermetallic compounds
the peak potentials are shifted to more positive
values than can be expected from the respective half-
wave potentials for the pure metals. For example, in
the case of the analysis of NI
2+
, an electrodeposition
time of less than 2 min produces a peak representing
the metal alone. The peak height is determined by the
rate at which the intermetallic compound is formed.
(4)
This example is illustrated in Figure 5.
In order to determine the solubility of metals
in mercury, different types of research have been done.
The results of these research efforts are shown in
Table 1. The temperature has considerable influence
in these solubilities, especially for Zn, Cd, Sn, Pb,















Figure 5. Anodic SV-grams, showing f2rmation of inter-
metallic compounds for 10-4 M Ni2+ in 0.1 M
KC1, obtained with the HMDE (Hg), surface
area of drop 2.8 x 10-2 cm2, under the
following conditions: 1, T=80 sec,
20 sec, v=2x10-3 V/sec withot Ni21'; 2,
T=80 sec, ry.=20 sec, v=8x10-3 V/sec without
N12+; 3, T -='80 sec, Tr=20 sec, v=2x10-3 V/sec;
4, T=80 sec, Tr20 sec, v=8x10-3 V/sec; 5,
T=80 sec, Tr=220 sec, v=2x10-3 V/sec; 6,
T=80 sec, Tr=220 sec, v-8x10-3 V/sec. Note
the rapidly disappearing peak between -0.2
and -0.3 V at low scanning rates and the peak
between +0.15 and +0.20 V, representing the
covering of the mercury with calomel and












7 w/w atom % w/w atom
-- 25 0.048 1.34 Pu 20 0.0154 0.0127
25 0.57 4.8 Si 20 (0.001) 0.007
K 25 0.395 2.0 Ge 25 1x10-6 --
RI, 25 1.37 3.15 Sn 20 0.6 1.26
Cs 25 4.0 6.0 Pb 20 1.1 1.1
Cu 20 3.003 0.006 Ti 29 5x10
-6 2x10
-5
Ag 20 0.035 0.066 Zr 23 0.003 0.007
Au 20 0.1306 0.1329 Sb 20 2.9x10-5 4.7x10-'-)
Be 100 10-6 2x10-5 Bi 20 1.1 1.1
",1g 17 0.31 2.5 v 20 5x10-5 2x10-4
Ca 25 3.30 1.48 Nb 20 (0.001) 0.002






ba 20 0.33 0.48 Mo 20 2x10-5 4x10-5
:'. 20 1.99 6.4 W 20 10-5 19-5




la 22 1.13 3.19 Co 20 8x10-5 --
In 20 57 70.3 Ni 20 4.8x10-5 --
Ti 20 42.8 42.6 Ru 20 0.353 0.694
La 25 0.00092 0.0133 Rh 20 0.16 0.311
Ce 20 3.016 -- Pd 20 0.006 0.012
20 3.016 0.014 Ir 20 0.001 0.001
23 3.005 0.0042 Pt 214 0.09 0.10
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When different metals are present at the same
time in mercury, intermetallic compounds can be formed.
The following combinations are known to exist: Ag-Zn,
Ag-Cd, Au-Cd, Au-Mn, Au-Sn, Au-Zn, Cu-Cd, Cu-Mn, Cu-Ai,
Cu-Zn, Fe-Mn, Mn-Ni, Ni-Sb, Ni-Sn, Ni-Zn, Pt-Sb, Pt-Sn,
Pt-Zn.
(4) 
Lead and thallium are not in this group
since they generally do not form intermetallic compounds
The solubility products of some intermetallic compounds
in mercury are listed in Table
The electrochemical properties of amalgams have
been rigorously described by several researchers
(4 )
and have generally centered on describing the equi-
librium potential of a single-phase amalgam where the
concentration cell consists of the pure metal and its
saturated amalgam immersed in a solution of a salt of
the metal. The values of the charge transfer rate
constants and coefficients for several amalgam elec-
trodes are given in Table 3.
In the thin film MFE the metal concentrations are
higher, which increases the chance for the formation
of intermetallic compounds.
If HMDE (Pt), HXDE (Ag), HMDE (Au), MFE (Pt),
MFE (Ag), or MFE (Au) electrodes are used, the formation
of amalgams containing the contact metal and the metal
ions in the analyte is expected. This is a notable
advantage of the HMDE (Hg) over HMDE (Ag, Pt, or Au)
and MFE (Pt, Ag, or Au). An example of interference
due to intermetallic compound formation is given in
28
TABLE 2
THE SOLUBILITY PRODUCT VAL,UES FOR SOME EiTERIETALLIC
COMPOUNDS IN '1ERCURY AT 200C ( 33)
C01.2D0U: Ili SOLUBILITY PRODUCT COPTOUND SOLUBILITY PRODUCT
AuZn 2.5 x 10
-12
CuGa 2 x 10
-6
Aucd 2 . 5 x 10-9 CuSb 3.2 x 10-7
AuIn 1 . 8 x 10-6 Sb Zn 2 x 10-9
AgZn 3_ x 10-tp Sb Cd 1 x 10-8
AgCd 7 x 10-6 Sb In 2 x 10-8








Sn 3 x 10-12 ritr3n -
2
7 x 10-9





6.4 x 10-13 GaNi 3.9 x 10-1E
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TABLE 3
THE k' AND oc VALUES FOR SONE AMALGAM FLEC1IODES(5)
REACTION k' (cm/) - REF.BASE FLEG.CHOLYTE













4.5 x 10 - 29
Zn
2+ 
+ 2e = Zn(Hg) 1 M KC1 4 x 10-3 - 29
Pb2+ + 2e = Pb(Hg) 1 M KC1 (pH 2) 0.2 0.94 2-1
71
+ 





Zn2+ + 2e = Zn(Hg) 1 M KC1 4.2 x 10 0.36 28
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the study of the Ni-Zinc system shown in Figure 6.
In curve (I) shown in Figure 6 the increase in
anodic current at a potential of +0.1 V corresponds
to the dissolution of mercury. This soon stops,
because the formation of a calomel film on the mercury
surface inhibits further dissolution of mercury. The
anodic current then returns to its original value.
As we can see, the intermetallic compounds form
at concentrations of Ni higher than 10
-4 
N. At curve
(2), only the peak corresponding to Zn oxidation is
observed on the amalgam oxidation polarization curve;
with increasing Ni concentration the Zn peak becomes
smaller and a more positive peak corresponding to the
oxidation of the intermetallic compounds appears.
Finally, at higher Ni concentrations, the Zn peak
completely disappears and only the oxidation peaks
of the intermetallic compounds and Ni are present.
The presence of intermetallic compounds com-
plicates the stripping curve appreciably. Peak
potentials of intermetallic compounds are often more
positive than the potential of the SCE. Such a peak
therefore appears after the peak caused by the anodic
dissolution of mercury (formation of mercury oxide,
or of mercurous chloride if chloride is present).
It must be emphasized that it is possible to avoid
this complication by maintaining the concentration
of the metals that are to be determined below 10 14.
2.0V
Figure b. The Polarization Curves for the Oxidation
of the Zinc-Nickel Amalgam
T=2 min, Eel=-1.4V; (1) Supporting electrolyte,
0.1 N KC1; (2) 5x10-4 N Zn2+; (3) 5x10-4 N
Zn2+ + 2x10-4 N N12+; (4) 5x10-4 N Zn2+ +
4)(10-4 N Ni2+; (5) 5x10-4 N Zn2+ + 6x10-4 N
N12+; (6) 2x10-4 N N12+.
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b. Convection - In all the systems that have been
studied, interference caused by convection can be observed
at very short times, and at relatively long times.
The convection at long times was found to be caused
by vibration and by density gradients in the cell,
and resulted in abnormally high and irreproducible
currents. By carefully isolating cells from sources
of vibration, and by allowing solutions to come to
rest for several minutes after performing any manipu-
lations on the cell, it is possible to carry out
electrolysis for about 30 seconds without inter-
ference from the sources of convection.
Convection at very short times has been found to
be caused by movement of the hanging mercury drop
electrode. On sudden application of the working
potential, the surface tension of the mercury
changes, resulting in a slight change in the shape
of the mercury electrode. Such movement of the
electrode is observed easily with a low power
microscope. In an attempt to minimize the effects
of movement of the mercury, electrodes that support
the mercury drop from below have been constructed.(29)
c. Influence of Current - A high residual current,
resulting from the presence of some component in
the sample solution,may severely distort or obliterate
the desired anodic oxidation peak. This interference
is particularly serious whenever this residual current
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has a potential dependence, as is the case when there
is a relatively high concentration of hydrogen ions,
or of ionic species having multiple oxidation state.
The reduction or oxidation currents of these species
are then superimposed on the currents of the analyte.
III. APPLICATIONS
The high analytical sensitivity of ASV has led to its
application in a large number of analytical problems. It is
frequently used in the quantitative determination of trace
metals in environmental studies, quality control, soil and
mineral analysis and clinical medicine.
To get an idea of what is meant by "trace" amounts, the
normal levul of lead in urine is 3 ppb, corresponding to a
concentration of 4 x 10
-7 M. The Public Health Service
standard for cadmium in drinking water is 1 ppb or 9 x 10
-8 M
(1)
or lower. Standard photometric and electrochemical tech-
niques are capable of analysis down to the 10
-6 
M range.
Several papers have reported the analysis of natural
(40)
water samples. Florence used ASV to determine concentra-
tions of copper, lead, cadmium, and zinc in sea water and
fish, seaweed, and oysters inhabiting the water. Biological
concentration factors were calculated from that data and were
_
found to range from lu
2
to 105. Allen, Matson, and Mancy
used ASV to study some of the more suitable aspects of metals
(1)
in natural waters. 24ot only did they determine the amount
of free metal ions, but they also found a significant amount
of metal complexed with organic ligands.
When considering ASV as a viable technique for an analyti-
cal problem, the techniques which are commonly considered
33
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alternatives are atomic absorption (AA), atomic emission (AE),
and atomic fluorescence (AF). Of these, AA is by far the
most widely used, both with flame and nonflame atom reservoirs.
A comparison between ASV and AA is given in Table 4. Volumes
used for analysis by AA are larger than the volumes needed
for ASV, thus ASV may be essentially a nondestructive technique.
Another advantage of ASV is that, under certain conditions,
several metals can be analyzed simultaneously in a single
scan, whereas AA is limited to single element analysis.
Acid digestion or ashing procedures for solid samples are
equally applicable to both spectrometric and stripping
techniques. Stripping analysis frequently requires the further
addition of a supporting electrolyte to swamp out the effect
of variable amounts of electrolyte naturally occurring in the
samples.
The metals that have been detected or determined by ASV
methods are given in Figure 7. These metals have been
studied using a variety of sample preparation procedures. In
most of these studies the analysis of each metal usually
required a specific supporting electrolyte, deposition time
and potential, electrode, and stripping potential sweep rate.
It is often very difficult to analyze some metals in the
presence of others because of the requirements for the analysis
and the interferences introduced by the presence of other metals.
Consequently, the simultaneous ASV analysis of more than one
or two metals is not often done.
In this work we will attempt to develop procedures for
the simultaneous analysis of several of the metals present in
TABLE 14
(1)
COMPARISON OF DETECTION LIMITS (ng/ml)
:dement ASV AAS 









































a. All values calculated from data and figures in re-
ference 17. All are 2-min plates with 3600 rpm electro-
de rotation. b. All values are from reference 1. All
values are for 30 min plating period without electrode
rotation. c. All values from Varian Techron Literature.
























































































coal ash by anodic stripping voltammetry. Sample preparation
procedures will be studied and various supporting electrolytes
will be tested. Other parameters such as electrodeposition
potential and times, stripping potentials, procedural require-




a. Working Electrode - A hanging mercury drop elec-
trode (HMDE) served as the working electrode throughout
this research. The model used was the Metrohm EA-290/I.
In this electrode, the drop hangs from a thin mercury
thread in a capillary tube with an inner diameter of
0.3 to 0.4 mm. (Figure 8). The inner wall of the
capillary must be freed from any dirt and then
silanized to prevent the solution from creeping between
the mercury and the glass inner wall, which would cause
the mercury thread to break. Air must be completely
eliminated from the capillary and the mercury container.
If air is present, the mercury drop would be knocked
off upon stirring the solution.
The HMDE is very accurate due to its capability
of replenishing the electrode surface consistently
and precisely throughout an ASV determination. After
every run a new drop must be formed at the capillary
orifice by turning the microfeeder knob through 4
scale divisions. The exact drop sizes for certain
scale divisions of the working electrode have been











Figure 8. Diagram of the Hanging Mercury Drop Electrode
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Table 5







1 0.53 0.87 ± 0.02
2 0.67 1.39 ± 0.03
3 0.76 1.82 ± 0.04
4 o.84 2.20 ± 0.05
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The Metrohm EA-290/1 was used for the first time in
this work, and a great deal of time was spent (-2 months)
learning how to fill the electrode with mercury, and
in general care for it so that reproducible data could
be obtained.
b. Reference Electrode - A Saturated Calomel Elec-
trode (SCE), Metrohm AG-CH-9100, was used as a reference
electrode. The preparation and care of the SCE is
also very important. Any break in the electrolyte
solution within the electrode or any imperfection in
the electrode caused by improper storage and care of
the electrode would give poor analytical results. To
protect the SCE it had to be stored in a saturated
KC1 solution whenever it was not being used.
c. Counter Electrode - A platinum wire was used as the
counter electrode (auxiliary electrode).
?. Electronic Equipment 
The electronic equipment used for this research was
a voltammetry unit, Model CV-1A, from Bioanalytical Systems,
connected to an Omnigraphic recorder, Model 2122-6-5 made
by the Houston Instrumentation Company.
3. Atomic Absorption Spectrophotometer 
For the analysis of samples with atomic absorption, a
Varian 475 Spectrophotometer with appropriate hollow
cathode tubes was used. The trace concentrations employed
in the study demanded high precision and sensitivity for
the analyses. The required sensitivity was achieved by
the use of the most sensitive spectral lines for the elements
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studied. Instrumental parameters such as lamp current,
burner height, slit width, fuel and oxidant ratio and
aspiration rate were adjusted for each element to give
maximum sensitivity.
4. Cell
The electrolytic cell used was a jacketed titration
vessel from Brinkman Instruments Inc. The tip of the
electrode was placed about 7 mm above the magnetic stir-
ring bar. At this location, stirring is very uniform,
so that the reproducibility of the concentration process
is improved. Dissolved oxygen was removed by passing
nitrogen bubbles through the electrolyte solution for 15
minutes before each run. Figure 9.
5. Reagents and Solutions
The reagents and solutions used were:
a. Sodium Acetate 0.1 M - Fisher Certified Grade.
b. Potassium Chloride 0.1 - Fisher Certified Grade.
c. Nitric Acid - Baker Analyzed Reagent.
d. Potassium Nitrate 0.1 M - Fisher Certified Grade.
e. Hydrogen Peroxide 30% - Fisher Certified ACS
Reagent.
f. Copper Standard Solution - Fisher Certified AA
Standard.
g. Zinc Standard Solution - Fisher Certified AA
Standard.















i. Chromium Standard - Fisher Certified AA Standard.
j. Chromium Standard - Fisher Certified AA Standard.
All water used to prepare the standard samples and
the coal ash samples was de-ionized, distilled, and
millipore-filtered. All glassware was thoroughly washed,
rinsed with 10% HC1, 1% EDTA, and rinsed with de-ionized
water. Between runs, the glassware, especially the elec-
trolytic cell, was rinsed with 15 EDTA and de-ionized water.
B. Preparation of Samples
The following Pennsylvania State University Coal Bank
samples were used: POSC 251, PSOC 402, PSOC 591, PSOC 631,
PSOC 767, PSOC 885, PSOC 904, PSOC 994, and NBS Standard
Reference Material 1632. All of these were prepared as follows:
1. Ashing 
The ashing procedure specified in the American Society
for Testing and Materials (AST) Standard D3683 was used.(38)
A six-gram portion of each sample was used. The fused
silica crucibles containing the samples were placed in a
cold muffle furnace which was then allowed to reach a
temperature of 300°C in 1 hour, and then heated to 500°C
for an additional 2 hours. After cooling and weighing
the samples in order to know the loss due to grinding,
they were finely ground, reweighed, and then reignited
at 500°C for 1 hour. Finally, samples were cooled and
reweighed in order to calculate the percentage of ash.
2. Dissolution
In order to dissolve the ash,tIlree methods were used.
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Dissolution using aqua regia and boric acid(38)
A 0.2 gram portion of the ash from each sample was
placed in a 125 ml plastic bottle with a screw cap;
3 ml of aqua regia and 5 ml of hydrofluoric acid were
added to each sample. The caps were tightened and the
bottles were placed on a steam bath for 2 hr; 50 ml
of a saturated boric acid solution were added to the
resultant solution. The solutions were cooled to
room temperature and then diluted to 100 ml by the
addition of deionized water. Two blanks were also
prepared.
b. Dissolution by Digestion with Nitric Acid
(37)
In this digestion, 0.2 g. of ash were used. Each
ash sample was placed in a 125 ml Erlenmeyer flask.
The flask containing the samples and 1 empty flask
were treated with 5 ml of nitric acid, and heated
gently until the volume was reduced to approximately
1 ml. The flasks containing the samples as well as
that included as blank were cooled, treated with 5 ml
of nitric acid, and again heated gently. This process
was repeated a total of four times to a point where
additional acid produced no apparent changes in the
samples. The contents of the flasks were treated with
5 ml of high purity water, filtered through No. 42
Whatman filter paper into 50-ml volumetric flasks and
brought to volume with millipore-filtered water. The
prepared solutions were stored in plastic bottles.
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c. Dissolution by digestion with nitric acid and
hydrogen peroxide.(37)-In the first attempt, 0.2 g
of ash were used. Since results were very poor with
this amount of ash, 1 g portions of ash were then used
for all later experiments. Each ash sample was placed
in a 125 ml Erlenmeyer flask. The flasks containing
the samples and one empty flask were treated with
5 ml of nitric acid and 5 ml of millipore-filtered
water. The flasks were heated gently until most of
the acid was evaporated. After cooling, an additional
5 ml of nitric acid was added to each and the flasks
were reheated gently until the volume was reduced to
approximately 1 ml. The flasks were allowed to cool
and then were treated with 1 ml of nitric acid, 1 ml
of millipore-filtered water and 2 ml of 30% hydrogen
peroxide. The flasks were alternately heated, cooled,
and treated with additional 1 ml increments of hydrogen
peroxide four times. The contents of the flasks were
then treated with 5 ml of millipore-filtered water and
0.410 gr of sodium acetate. The sodium acetate was
used in order to avoid any change in the concentration
of the electrolyte. The samples were then filtered
through No. 42 Whatman filter paper and diluted to
50 ml with millipore-filtered water. The prepared
solutions were stored in plastic bottles.
Separation of Chromium from Zinc
Zinc interferes in the ASV analysis of chromium. There-
fore, the two metals must be separated before chromium can be
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determined. In this work the separation was carried out by
the following procedure.
A 25 ml portion of each coal ash sample (from the nitric
acid and hydrogen peroxide treatment) was heated to near
boiling, and 1:1 ammonium hydroxide was added slowly with
stirring and heating until the solution had a weak smell of
ammonia. The mixture was allowed to stand until the precipi-
tate had settled, filtered through Whatman No. 42 filter paper,
and the precipitate washed with hot water. The precipitate
was then dissolved on the filter paper with portions of hot
1:1 HC1, and the paper washed with hot water. The solution
containing the dissolved metal ions was treated with 25% NaOH
until the pH of the solution was raised to 10. This solution
was heated and successive 1 ml portions of 30% H202 were
added until no change was observed in the solution immediately
after the H202 
was added. This step usually required six
additions of the hydrogen peroxide. The solution was then
filtered through Whatman o. 142 filter paper to remove the
precipitated iron hydroxide. Acetic acid was added to the
filtrate until the pH was approximately 3. The solution was
then diluted to 100 ml in a volumetric flask and stored in
plastic bottles for analysis.
D. Procedure
1. Electrodeposition Potential
An electrodeposition potential of -1.4 V was used.
2. Electrodes
As described before, three types of electrodes were




Potassium Nitrate, 0.1 M. Sodium Acetate, 0.1 M, and
0.1 M KC1 were used as supporting electrolytes.
4. Mass Transport 
The working electrode was placed in the middle of
the electrolytic cell, approximately 7 mm above the magne-
tic stirring bar. Nitrogen was passed through the
electrolyte solution for 15 minutes before each run.
The electrodeposition time was 5 minutes. The stirring
rate was approximately 900 rpm.
D. Rest Period
After the stirring was stopped, a 30 second rest
period was allowed.
6. Evaluation of graphs 
Since ip is proportional to C4c!, its measurement is
the most obvious method of determining the concentration
of the metal in the analyte. As shown in Figure 10, the
most reliable measurements of i values are those indicated
by arrows.
Figure 10. Evaluation of a Stripping Voltammogram.
V. RESULTS AND DISCUSSION
A. General Discussion
Although the quantitative determination of trace elements
using ASV methods has come into prominence in the last few
years, these methods have not been extensively used for
practical analytical applications. Few papers have been
published on the use of ASV as an analytical method to deter-
mine two or more metals in the same sample. Most studies









but not for all of them simul-
taneously. These analyses have been done most frequently on
sea water and polluted water samples. The purpose of this
research was to develop ASV methods that could be used to
simultaneously determine these four metal ions, and others,
in coal ash samples.
As a starting point for this research, various sample
preparation methods were examined, and several were tried,
before one particular method was chosen for further work. The
problems associated with some of the methods are discussed in
a later section. It was also important to choose an ashing
procedure that could be used without any loss of the metals
of interest through volatilization.
A typical voltammogram obtained from an ASV procedure
is shown in Figure 10. Peak potentials obtained with mercury
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electrodes are somewhat dependent on the medium employed
and perhaps on the state of the mercury coating. Typical
peak potentials, vs the saturated calomel electrode, are
-0.87 for Zn, -0.56 for Cd, -0.4 for Pb, and 0.05 for Cu.
The sharpness and symmetry of the peaks are greater at low
pH's (3-4), which is probably due to the ionic strength, and
peak height decreases with increasing salt concentration.
The ionic strength of the analyte solution should not be less
than 5 x 10-3 M, since the large potential drop across
solutions of high resistence may lead to incomplete plating
(23)
of some metals.
The molar ionic strength, pc, of a solution is expressed
by the following summation:
pc = 1/2 EiC1Zi2 (22)
where Ci is the molar concentration of the ith ion expressed
in moles per liter and Zi is the numerical charge of the ion.
For a one-to-one electrolyte such as KNO3, the ratio of the
molarity to the ionic strength is unity;and ionic strength
can be expressed simply as the molar concentration.
An example of a typical ASV working curve is shown in
Figure 11, along with the indicated correlation factor and
the slope, in microamps per ppm Cr(III), of the least-squares-
fit straight 
line.(29) 
Next, a plot of the slope values for
several working curves for Cr(III) vs the ionic strength is
shown in Figure 12. This plot indicates that as the ionic
strength increases, the. peak current decreases, and conse-








Figure 11. Peak Current versus Concentration of Chromium






IONIC STRENGTH (MOLES per LITER x 10)
Figure 12. Calibration Curve Slope Values versus Ionic
Strength for Chromium (III) in Potassium
Nitrate
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ionic strengths below 0.1 M there is poor reproducibility
of data although the peak current and sensitivity increase
somewhat. These data indicate that an electrolyte concentration
of 0.1 M appears to be the optimum ionic 
strength.(29) 
For
this reason an electrolyte concentration of 0.1 M was chosen
for this work.
To understand the dependence of the peak current on
ionic strength, consider the physics of the system. The
effect of ionic strength on peak current is due largely to
the increase in viscosity of the solution as the electrolyte
concentration increases. This causes a proportional decrease
in the rate of diffusion of ions through the solution, and
consequently a decrease in peak current since the current is
directly proportional to the rate of 
diffusion.'( 9)
B. Anodic Stripping Voltammetric Analyses of Coal Samples
1. Preparation of Samples 
In the first attempt to prepare coal samples for
analysis, the procedure in ASTM Standard D3683 was followed
for the ashing and dissolution of the ash. A 0.2 g
portion of each ash sample was heated in a mixture of
aqua regia and hydrofluoric acid and then treated with
saturated boric acid before diluting to 100 ml. Small
portions (0.200 ml and up) were then added to 20 ml of
0.1 M KNO3 in the electrolytic cell. A series of runs
were then made under the experimental conditions previously
described in the experimental section. The results obtain-
ed with these solutions were very poor: the relative
standard deviations of the peak current heights of zinc,
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cadmium and lead was between 25; and 35%. It was assumed
that the problem was that the analyte solutions had such
a high acidity and salt concentration from the preparation
procedure that reproducible results could not be obtained.
A series of runs were made in which small portions
of the above solutions were added to 0.1 i sodium acetate
in the electrolytic cell. The results obtained in these
runs were better but were still not acceptable. The
standard deviation of the peak current heights was still
too high, and in some runs, the peaks obtained were not
representative or had deformations that made it impossible
to obtain accurate measurements of the peak current as is
shown in Figure 13.
Since results were still unacceptable, a change in
the method of sample preparation was considered. To
eliminate the interference due to boric, hydrochloric,
and hydrofluoric acids, the coal ash was digested with
nitric acid instead of hydrofluoric acid and aqua regia.
The results obtained after several runs using different
concentrations, both for standard solutions and sample
solutions, and using different sensitivities, were as
poor as before as is shown in Figure 14. This figure
demonstrates that for different runs using the same coal
ash sample, the same procedure, and under the same experi-
mental conditions, the reporducibility was very poor.
Since the results obtained with the various sample
preparation methods used so far were not satisfactory, a
change in the method was considered again. It was important
Figlire 13. Stripping Curves for Coal Samples Using 0.1 M
Sodium Acetate as Supporting Electrolyte and
Dissolution of Samples with Boric Acid, Aqua
Regia and Hydrofluoric Acid
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3 -.2 - -.0 -.6 -I. -1.2
Figure 14. Stripping Curves Using 0.1 M Potassium Nitrate as
Supporting Electrolyte and Dissolution of Samples
by Digestion with Nitric Acid.
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to choose a method in which the metals of interest would
be dissolved with minimum contamination of the analyte.
Digestion of the coal ash samples in nitric acid and
hydrogen peroxide was tried, following the procedure
outlined in the experimental section.
The first set of runs on these solutions was per-
formed using 0.1 A KNO
3 
as a supporting electrolyte,
producing the results shown in Figure 15. They were still
unacceptable for quantitative work. These results were
plotted, as shown in Figure 16, which gives some infor-
mation about the suitability of 0.1 M KNO3 as a
supporting electrolyte for this research. As was mentioned
before, perhaps the acidity of the analyte in the KNO3
solution is responsible for these poor results.
Next, the determinations were made using the same
digestion process,but 0.1 M sodium acetate was used as
supporting electrolyte. In this case the repeatability
was very good, both for the peak current and for the peak
potential, even though different concentrations and
instrument sensitivities were used, as shown in Figure 17.
Calibration curves such as those shown in Figure 13
demonstrate the suitability of this supporting electro-
lyte for this research. Therefore, in all subsequent
determinations of Pb, Od, Cu, Zn, and Cr, a supporting
electrolyte of 0.1 A sodium acetate was used. Digestion
with nitric acid and hydrogen peroxide, as described in
the experimental section, was the method used to dissolve
the metals in the coal ash samples.
Figure 15. Stripping Curves for Coal Samples in 0.1 M Potassium
Nitrate.
VOLUME (ml)








.3 .4 .6 .3 1.0
VOLUME (ml)
Figure 18. Calibration Curves for Copper (II) in 0.1 M So-
dium Acetate.
* Sample PSOC 631
. Sample PSOC 885
Sensitivity 5 mV/cm x 200 uamp/V
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In the determination of zinc and copper, some
deformations in the ASV peaks are observed. These defor-
mations may be due to the formation of intermetallic
complexes of zinc with nickel or chromium. For zinc, the
peak deformations may be due to the fact that the peak
potentials for chromium and nickel are very close to the
peak potential of zinc, and therefore the peaks for these
three ions might overlap in some solutions. This is
probable reason 7,nat the results obtained for zinc,
though definitive, were not as good as the results obtained
for other ions. In an attempt to minimize the interference
of chromium and nickel in the zinc determination, a dif-
ferent electrolyte was used for the determination of zinc
and is described in a later section. Another reason for
the unacceptable behavior of zinc may be that the samples
were contaminated by zinc ions and other materials leached
out of the plastic container upon standing. It is neces-
sary to store solutions containing low concentrations of
metal ions in plastic containers since most metal ions are
absorbed very quickly (sometimes within a day) on glass
surfaces. Storing solutions of metal ions in plastic
containers works very well for most ions. However, it has
been found in previous ASV work that most plastic (poly-
ethylene and polypropylene) bottles have small concen-
trations of zinc on the surface that is leached out by
the solution contained in the 
bottle.(29) To help
minimize this interference, the bottles were treated with
EDTA solution, as has been described in the experimental
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section. The deformation of the copper peak could also






2. Analyses of Coal Ash Samples
a. Quantitative Determination of Metal Ions by ASV -
After the best electrolyte and preparation process
were defined, the next step was to determine the most
suitable experimental conditions to quantitatively
determine trace elements. A fresh set of zinc,
copper, cadmium, and lead standards was prepared,
with a concentration of 100 ppm each. Once the stan-
dards were ready, 200 microliter (or pl) portions of
each were transferred to the electrolytic cell, and
a series of runs were performed. The experimental
conditions used were the same used before, as given
in the experimental section. A typical voltammogram
obtained for this series of runs is shown in Figure 19.
The peak current values on this voltammogram are the
averages of a series of runs, all of them under exactly the
same conditions.
A calibration curve, Figure 20, was made using the
peak current values for different concentrations of
cadmium and lead, at the same sensitivity. This cali-
bration curve illustrates that the peak current
increases proportionally with increasing concentration.
In the analyses of metal ions in coal ash, samples
were prepared as previously described, using 0.2 g of
ash. The first procedure attempted was the standard























Figure 20. Calibration Curves for Pb
2+




Coal Sample Used, PSOC 885.
Sensitivity used for Cd
2+
, 0.5 mV/cm x 200 pamp/V
Sensitivity used for Pb2+, 5.0 mV/cm x 200 pamp/V
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addition method, that is, 20 ml of 0.1 M sodium
acetate were placed In the electrolytic cell. Nitrogen
was passed through the electrolyte solution for 15
minutes in order to remove the oxygen present. A
200 ul portion of each standard 100 ppm solution was
transferred into the electrolyte solution. A 5-minute
electrodeposition time plus a 30 second rest period
were allowed, then the first run was made using a
sensitivity of 5 mV/cm. In the same solution, 200 pl
of the PSOC 591 coal sample solution were deposited.
Under the same experimental conditions, the first run
was performed and clear peaks were obtained. Additional
runs were made using the same electrolyte, without
deaerating any more with nitrogen, and under the same
experimental conditions. Additional volumes of 200 ul
of coal ash solution were added after every run and
the reduction-oxidation process was repeated. This
same practice was performed using the same experi-
mental conditions but varying the sensitivity of the
X-Y recorder. The sensitivities used were 2.5 mV/cm
and 1.0 mV/cm. The same type of runs were made using
the other ash samples. The data obtained for the
standard addition method was still unacceptable for
quantitative analysis but was an improvement over
previous trials.
A calibration curve, Figure 21, was made using






















0.1 M Sodium Acetate.
Coal sample used, PSOC 885
Sensitivity used for Cd
2+
, 0.5 mV/cmx 200 pamp/V
Sensitivity used for Pb2+, 5.0 mV/cmx 200 ilamp/V
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and lead for the sample PSOC 885. This figure shows
clearly that the peak current values did not increase
proportionally to the concentration as expected. A
possible explanation for this behavior is that during
the electrodeposition process the metal ions in the
solution form an amalgam in the mercury drop. In the
oxidation process, theoretically all the metal species
should get stripped from the mercury and go back into
the solution. It is possible that this does not occur
and some metal species may remain in the mercury drop.
When the drop separates from the mercury thread, it
carries the species to the bottom of the cell. The
consequence of this is a decrease in the metal ion
concentration in the analyte solution, which is shown
by the curve in Figure 21. The same phenomenon occur-
red with every sample when the standard addition
method was used.
Another fact that has to be considered is the
total composition of coal ash sample. It is very
complex and has so many trace metals that the analysis
of a single one is very difficult. It is believed that
over 14 metals exist in the coal ash samples at
measurable trace levels.
Since the standard addition method did not work
for these coal ash samples, it was decided that the
standard and samples should be analyzed separately.
Fresh standard samples were prepared, and a new set
of ash samples was prepared. Before each ash sample
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was diluted to 50 ml after the dissolution process,
0.410 g of sodium acetate was added, which is the
amount needed to make the solutions 0.1 M in sodium
acetate. This was done to maintain a constant con-
centration of the supporting electrolyte in the ana-
lyte solution, since it was expected that 1-2 ml of
the ash samples would have to be added to the 20 ml
of supporting electrolyte during the analysis. The
ash samples were analyzed by adding successive 200 pl
portions to the supporting electrolyte solution.
Again, unacceptable results were obtianed for all
of the ash samples. The analysis of each sample
without using the addition method was tried, that is,
a fresh electrolyte solution was used for each portion
of sample analyzed. After each analysis a fresh 20 ml
portion of the supporting electrolyte was added to the
electrolytic cell and deaerated for 15 minutes. Every
sample was analyzed at least three times using the
same volume and the same sensitivity of the X-Y
recorder. The peak current values obtained were not
reproducible regardless of the volume of sample
solution used in the analysis, due primarily to the
low concentrations of metal ions in tne ash samples
and the high sensitivity at which each run was per-
formed.
New samples were prepared using the dissolution
by digestion with nitric acid and hydrogen peroxide,
but increasing the amount of coal ash used from 0.2 g
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to 1.0 g. The analysis of each sample was performed
using different concentrations and different sensi-
tivities. For the same combination of these two
variables, each analysis was made at least three
times; and the reproducibility was found to be very
good. The repeatability of the method was established
by ten successive recordings of the same standard and
ten successive recordings with the same sample. The
relative standard deviation was found to be 1.85 for
copper, 1.9% for cadmium, % for lead, and 2.8% for
zinc. The standard deviation for this set of samples
was indeed low compared to previous sets of values
that had been obtained. The values r:ctained in these
trials appear in Table 6.
Since the results obtained for zinc were not very
good, other supporting electrolytes were tried. The
3.1 M KC1 - 0.1 M KNO
3 
system gave peak current values
that were acceptable. The reproducibility obtained
after 10 consecutive runs with the same sample using
the same sensitivity and different volumes demonstrated
that the system was good enough to determine trace
amounts of zinc ions in coal ash samples. A calibration
curve, Figure 22, was made. This curve illustrates
that an increase in concentration of zinc in the elec-
trolytic solution, obtained by using increasing amounts
of the coal ash solution, increases the peak current
value proportionally when the sensitivity is constant.
These curve values were taken from the analyses















Stanu- Zn 0.1 M Na0Ac 0.2 5.0 16.9
ard Cd 0.2 5.0 4.0
loo prr- Pb 0.2 5.0 9.7
Cu 0.2 5.0 12.8
--I 3.1 M KC1 0.2 5.0 14.8 a
PSOC Z. 0.1 M Na0Ac 0.2 5.0 2.3 b
251 0.2 2.5 4.5
0.1 M KC1 4.0 5.0 3.8
,
Cd 0.1 M Na0Ac - - -
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PSOC Th 0.1 M Na0Ac 0.2 2.5 1.6
591 0.1 1.0 4.55
0.1 M KC1 0.2 5.0 6.6
0.4 10.0 13.1
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PSOC :- 0.1 M Na0Ac 0.4 5.0 2.0
767 0.4 1.0 10.2
0.1 M KC1 0.6 1.0 9.2
o.4 5.0 1.4
Cd 0.1 M Na0Ac
,
- - -
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Cd 0.1 M Na0Ac - -
,










PSOC 0.1 M Na0Ac 0.3 2.5 2.23
994 0.3 1.0 5.85
0.1 M KC1 0.2 1.0 3.2
0.4 1.0 6.8
,
'- 0.1 M Na0Ac - - -
: D._ M NaOAc 0.6 1.0 1.51
0.4 0.5 2.1
1.0 0.5 4.9




Stand- 0.1 M Na0Ac 0.1 10.0 3.7
ard ._.
100 ppm Cl 0.1 M Na0Ac 0.2 10.0 4.4
Pb 0.1 M Na0Ac 0.2 10.0 1.:
C. 0.1 M Na0Ac 0.2 10.0 4.5






































a. Each of the above values are the average of 10 runs








Figure 22. Calibration Curves for Zn
2+ 
in 0.1 M Potassium
Chloride.
Coal Sample Used, PSOC 631(*); sensitivity,
0.5 mV/cm x 200 pamp/cm, and PSOC 885 (.);
sensitivity, 5.0 mV/cm x 200 pamp/cm.
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values of coal samples PSOC 885 and PSOC 631.
b. Calculations - The calculations were performed
according to the following general equations:
1) (k) = (V)(S+)/(TV)
2) (Li) = (irU)(S1)(k)
(irk)
3) (U)(VV) = (CMI)(VU), then (CMI) = (U)(VV)/(VU)
4) (CMA) = (CMI) x 50 ml x 1 alml 
SW
where (k) is the concentration of the known solution,
(V) is the volume of the standard used, (S+) is the
concentration of the standard used, (TV) is the volume
of the standard plus ti- ?. volume of the electrolyte used,
(u) is the concentration of the unknown, (ipU) is
the peak current of the unknown, (Si) is the sensi-
tivity used to run the unknown, (irk) is the peak
current of the known (q2 ) is the 
sensitivity used to
-
run the standard, (VV) is the volume of solution in
titration vessel, (CMI) is the concentration of the
metal ion in 50 ml sample, (VU) is the volume of sample
used, SW is the weight of sample (ash) used (in grams),
and (-MA) is the concentration of the metal in ash.
c. Determination of Chromium by ASV - A 100 ppm
chromium standard was prepared, arid several runs were
made using 0.1 M sodium acetate as the supporting
electrolyte. The same experimental conditions used
for the other ions were followed. The peak currents
31
obtained under these conditions were not acceptable.
For some unknown reason, after nitrogen was passed
through the electrolytic solution for 20 minutes,
good peaks were obtained, as is shown in Figure 23.
In order to determine if the repeatability of the
analysis of chromium by ASV was acceptable under the
conditions previously used, different runs were made
with the standard and the PSOC 385 coal ash solution
after deaerating with nitrogen for 20 minutes. The
resulting repeatability was satisfactory, so the analy-
ses of the coal ash samples were performed under these
conditions. Each sample was run at least three times
under a given set of conditions. The values obtained
for the average of these runs are listed in Table 7.
To obtain these values from the raw data, the equation
used to calculate the concentrations of the other ions
was modified to take into account the dilution of the
sample (by a factor of 4) for the chromate analysis.
d. Analysis of Coal Samples by Atomic Absorption -
Spectrometry (AAS) - In order to verify the
accuracy of the ASV methods developed in this work,
the concentrations of trace elements in the coal ash
were determined by atomic absorption spectrophotometry.
Standard solutions of each of the metal ions
were prepared with a range of concentrations needed
for the AAS analysis. A new set of ash samples were
prepared following the same procedure previously
Figure 23. Stripping Curves for Cr
6+ 
in 0.1 M Sodium Acetate
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TABLE 7


















0.1 M Na0Ac 0.2 12.08
c
190 ppm
PSOC 'r 9.1 A Na0Ac 0.8 3.5 8.3 d





?SOC. 0.1 A Na0Ac 0.8 0.5 10.7
402 0.6 0.5 9.3
0.2 2.5 0.6
9.6 1.0 4.9
PSOC - 0.1 M Na0Ac 0.8 2.5 4.9
591 1.0 1.0 16.1
0.2 0.5 6.2
Q• !4 0.5 12.3
PSOC - 0.1 M Na0Ac 0.8 0.5 13.2
631 0.6 1.0 4.3
0.2 2.5 0.6
0.6 9.5 3.1
PSOC -'r 9.1 A Na0A2 0.8 1.0 14.4
767 0.2 0.5 7.3
0.8 2.5 5.7
0.6 1.0 10.9
PSOC ' 3.1 A Na0A2 0.8 2.5 4.0



















PSOC Cr 0.1 M Na0Ac 0.6 1.0 11.5
904 0.8 1.0 15.4
0.2 1.0 3.9
PSOC Cr 0.1 M Na0Ac 0.8 0.5 7.9
994 0.8 1.0 3.7
0.6 0.5 4.8
0.6 1.0 2.3
c. This value is the average of 9 runs
d. Each of the following values are the average of at
least 3 runs.
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described. The concentration obtained for each element
using AAS and the concentrations obtained for each
element using ASV are compared with the known values
for the elements in Table 8. The known values are
those reported for the Penn State Coal Bank samples
and the National Bureau of Standards sample.
A plot of the ASV results obtained in this work
vs those obtained by AAS is shown in Figure 2. This
Figure gives a comparison of ASV as an analytical
method for trace metals in coal ash samples to AAS












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 24. Plot of AAS results vs ASV results.
VI. SUMMARY
The ashing procedure used in this work was chosen to
reduce the total salt content, acidity, presence of inter-
fering ions, etc, when anodic stripping voltammetry methods
were used. The ASTM method involves the use of a high concen-
tration of acids and salts in the prepared samples. Consequently
anodic stripping voltammetry results obtained with the samples
were unacceptable.
The reported analytical results of the PSOC samples are
incomplete. These analyses have been done by a variety of
methods such as inductive coupled plasma emission spectrometry,
neutron activation, flame emission spectrometry, x-ray fluor-
escence, and others, and a complete set of data is not available.
Chances are that some of these data were not checked against
standard analytical procedures.
The results obtained with the .;ational Bureau of Standards
coal sample are very good. This is a strcne: indication that the
technique developed in this work in the trace element analysis
of coal sample ash by anodic stripping voltammetry is accurate.
Anodic stripping voltammetry potentially can be used for
the analysis of amounts of several metals, but experimental
conditions and procedures need to be developed. This work has
demonstrated thatcadmium, chromium, copper, lead, and zinc can
be determined by anodic stripping voltammetry with very good
results, once the experimental conditions were established.
90
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A complete and relatively versatile anodic stripping
voltammetry system including the electrolytic cell and elec-
trodes would generally cost a fraction of the total cost of
the most widely used atomic absorption spectroscopy systems,
and is certainly much less expensive than inductively coupled
argon plasma sepctrometers, x-ray fluorescence spectrometers
or instrumental neutron-activation analysis systems. For
several metals, the accuracy and sensitivity obtained with
anodic stripping voltammetry methods is as good as, or better
than,that obtained with these systems. For certain elements
and certain samples, anodic stripping voltammetry could be
used in place of the more expensive systems.
With anodic stripping voltammetry, the simultaneous and
quantitative determination of several metals is possible,
whereas atomic absorption spectroscopy is only quantitative.
Also only one element can be determined at a time with atomic
absorption spectroscopy.
The sensitivity of anodic stripping voltammetry methods
potentially can be increased by using other electrodes, such
as thin film electrodes, or using pulse methods. Pulse methods
would require equipment additional to what was available for
this work.
Anodic stripping voltammetry methods are particularly
well suited for the analysis of many of the metals that are
regulated by the United States Environmental Protection Agency.
The metals most often regulated are arsenic, berillium, cadmium,
chromium, copper, lead, mercury, nickel, selenium, silver,
92
thallium, zinc, and antimony. Procedures for the routine
anodic stripping voltammetry analysis of some of these metals
have been developed, but much additional experimental work is
needed before the entire list of metals can be analyzed by
anodic stripping voltammetry methods.
Atomic absorption spectrophotometry is an established
method for trace metal analysis of coal ash samples and is
accepted as giving correct results for different types of
coal samples. The reliability of anodic stripping voltammetry,
therefore, would be evidenced by the agreement obtained
between the results of the two methods. Results are reported
for two different coal ash preparations: The first procedure
using digestion by nitric acid and hydrogen peroxide and the
second procedure using the ASTM method. The data obtained
with the ashing procedure developed in this work compares
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